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Gentlemen: 

The s u b j e c t  c o n t r a c t  was conceived, proposed and funded as p a r t  of a l a r g e r  
program under t h e  sponsorship of t h e  Langley Research Center F l i g h t  Instrument 
Div i s ion  Sect ion headed by h l r .  F .  0. Huck t o  develop new hardware technology and 
new engineer ing c r i te r ia  f o r  mechanical scanning s p a c e c r a f t  cameras. Cameras of 
t h i s  t ype  have been used on several missions from t h e  Soviet  Union and, most no tab ly ,  
by t h e  two Viking Landers which t h e  United S t a t e s  placed on blars i n  t h e  summer of  
1976. In r e fe rences  one and two w e  have discussed t h e  des ign  and performance o f  t h e  
Viking cameras. 
i n  t h e  198O's, t h e  engineering r a t i o n a l e  f o r  t h e  u s e  of t h i s  type of camera might 
s t i l l  be  compelling i f  t h e  wavelength range of t h e  cameras could be  extended i n t o  
both t h e  near  u l t r a v i o l e t  (280-400 nm) and t h e  near  i n f r a r e d  (1000-2500 nm). I n  
a d d i t i o n ,  t h e  experiences o f  Viking suggested a need f o r  simpler methods t o  f a b r i -  
cate t h e  photosensor elements i n  such cameras, a need f o r  new o p t i c a l  t r a i n  com- 
ponents ,  and a need t o  sys t ema t i ca l ly  s tudy  c e r t a i n  o t h e r  design op t ions .  

, 

I t  was f e l t  t h a t  should t h e r e  be  a fol low on mission t o  Viking 

- 
The program e s t a b l i s h e d  t o  address t h e s e  needs included t h i s  g ran t  a t  Brown 

U n i v e r s i t y ,  a c o n t r a c t  with t h e  Microelectronics  Laboratory of  Martin Marietta 
Aerospace Corporation, Denver, Colorado f o r  an i n f r a r e d  sensor  a r r a y  and a con- 
t rac t  with t h e  I t e k  Corporat ion,  Lexington, Massachusetts f o r  new lens design.  
The Brown Unive r s i ty  g r a n t  contemplated two b a s i c  tasks.  
s p e c i a l i z e d  s i l i c o n  photodiodes optimized f o r  use i n  mechanical scanning cameras 
through c a r e f u l  apertiure des ign ,  i n t e g r a l  o p t i c a l  masking, and enhancement of 
u l t r a v i o l e t  s e n s i t i v i t y .  The second was t o  develop a s p e c i a l  purpose, i n t e g r a t e d  
c i r c u i t  c h i p  i n  t h e  form of a power switchable ,  wide band, FET i n p u t ,  ope ra t iona l  
a m p l i f i e r .  

The f irst  was t o  develop 
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Very e a r l y  i n  t h i s  g r a n t  i t  was mutual ly  agreed by t h e  sponsoring group and 
t h e  p r i n c i p a l  i n v e s t i g a t o r  t h a t  t he  second t a s k  was premature i n  terms of t h e  
o v e r a l l  program. Ins t ead ,  s e v e r a l  s u b s t i t u t e  t a s k s  were decided upon. In  
a d d i t i o n  t o  photodiode development, t h e  f i n a l  scope of work included d i r e c t  
p a r t i c i p a t i o n  i n  t h e  design of  t h e  i n f r a r e d  sensor  t o  be b u i l t  by Martin Mar i e t t a ,  
and p repa ra t ion  of two engineer ing s t u d i e s  d i r e c t e d  a t  op t imiza t ion  of t h e  
Modulation Transfer  Function and of t h e  d i g i t i z a t i o n  l e v e l s  i n  such cameras. 
We o u t l i n e  below t h e  work a c t u a l l y  accomplished, leav ing  some s p e c i f i c  r e s u l t s  
t o  t h e  appendices.  

The c o n t r a c t  with Martin Mariet ta  and t h i s  g ran t  began a t  the  same time and 
r an  f o r  approximately t h e  same per iod .  
prepared by t h e  p r i n c i p a l  i n v e s t i g a t o r  under t h i s  g ran t  as t o  the  appropr i a t e  
des ign  of an  i n f r a r e d  photosensor a r r ay  based on lead  s u l f i d e  d e t e c t o r s .  
I - A  is  a let ter t o  blr. V .  F .  Young o u t l i n i n g  a f a i r l y  complete concept of such 
an a r r a y .  
o f f  i n  s i g n a l  t o  no i se  and d r i f t  involved i n  t h e  use  of an i n t e g r a l  high speed 
(800 Hz) o p t i c a l  chopper i n  such an a r r a y .  The s i g n a l  t o  no i se  s tudy r e s u l t e d  
from cont inuing  d i scuss ions  between t h e  p r i n c i p a l  i n v e s t i g a t o r ,  M r .  Young and 
workers a t  Langley Research Center .  The s tudy  showed t h a t  while  a chopper has  
d e f i n i t e  advantages,  it i s  not  as overwhelmingly e f f e c t i v e  as we a t  f i rs t  thought 
it would be.  
i c i p a t e  i n  des ign  reviews o f  t h e  MMA work, which was s t r o n g l y  inf luenced by h i s  
p a r t i c i p a t i o n .  

Appendix I con ta ins  p o s i t i o n  papers  

Appendix 

Appendix I-R i s  a supplement t o  t h a t  l e t t e r  and d i scusses  the  t r a d e -  

Throughout t he  g ran t  t h e  p r i n c i p a l  i n v e s t i g a t o r  continued t o  p a r t -  

Appendix I1 p r e s e n t s  r e s u l t s  t h a t  were der ived as p a r t  of e f f o r t s  t o  optimize 
des ign  c r i t e r i a  for mechanical scanning cameras. I t  d i scusses  t h e  r e l a t i o n  of 
. d e t e c t o r  n o i s e  and t h e  quan t i za t ion  n o i s e  of t h e  system analog t o  d i g i t a l  con- 
v e r t e r .  I n  p a r t i c u l a r  it addresses  t h e  ex ten t  t o  which no i se  can be reduced 
by averaging and how t h e  d i g i t a l  s igna l  is  t o  be i n t e r p r e t e d .  The t reatment  
i s  s i g n i f i c a n t l y  d i f f e r e n t  from t h a t  found i n  s tandard  textbooks ( s e e ,  f o r  
example, r e f .  3) and does not  seem t o  be a v a i l a b l e  i n  t h e  open l i t e r a t u r e .  

S t u d i e s  of t h e  r e l a t i o n s h i p  between t h e  s p a t i a l  power s p e c t r a  and auto-  
c o r r e l a t i o n  func t ion  of images acquired by mechanical scanning cameras and 
t h o s e  of convent ional  f i l m  cameras were a l s o  done. Given t h e  power spectrum 
of an  image which i s  approximately c i r c u l a r l y  symmetric as measured by one type  
of camera, r e s u l t s  of  t h i s  work enable one t o  c a l c u l a t e  e a s i l y  t h e  spectrum t o  
be expected from t h e  o t h e r  type  of camera. 
( f o r  example, r e f .  4) but  they do not seem well known. They were der ived as 
t h e  f i rs t  s t e p  i n  making t h e  c r i t e r i a  f o r  optimumselection of  MI'F and sampling 
ra te  more s c i e n t i f i c a l l y  based than they  were dur ing  design of t h e  Viking 
cameras. 

The r e s u l t s  a r e  not  e n t i r e l y  o r i g i n a l  

This  p a r t  o f  t h e  work i s  cont inuing  under o t h e r  g r a n t s .  

The goal  f o r  photodiode cons t ruc t ion  was t o  bu i ld  t h r e e  types  of diodes a l l  
having  a common me ta l i za t ion  pa t t e rn .  
t h e  a p e r t u r e  p a t t e r n  shown i n  Fig.  1 was agree  on. 

A f t e r  d i scuss ion  with the  c o n t r a c t  monitor,  
The d iode  s i z e  and sepa ra t ion  
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f i t  t h e  scanning camera belonging t o  t h e  F l i g h t  Instrument Divis ion.  
a p e r t u r e  p a t t e r n s  provide a simple method of  comparing r e s u l t s  from d i f f e r e n t  
shapes.  
specu la r  r e f l e c t i o n  from t h e  gold top m e t a l i z a t i o n .  
t o  e l i m i n a t e  t h e  c a l i b r a t i o n  problems encountered i n  t h e  Viking cameras which 
were caused by i n t e r n a l  r e f l e c t i o n s  i n  t h e  photosensor a r r a y .  
discussed i n  re f .  1. 

The t h r e e  

Surrounding each a p e r t u r e  is a r eg ion  of black chrome p l a t i n g  t o  reduce 
Th i s  i s  a technique suggested 

That problem i s  

The f i r s t  type of diode t o  be constructed i s  a simple p-boron d i f f u s i o n  
i n  a n - s u b s t r a t e  similar t o  t h e  Viking photodiodes.  These diodes would al low 
d i r e c t  comparison of t h e  improved ape r tu re  shapes with t h e  Viking diode.  The 
Viking photodiode proved t o  be  s e n s i t i v e  t o  nuc lea r  r a d i a t i o n  from t h e  r a d i o -  
i s o t o p e  power sources  on t h e  lander .  
v i t y  by us ing  n-phosphorus d i f fus ion  i n  a p - s u b s t r a t e  f a i l e d  due t o  excess ive  
s u r f a c e  leakage c u r r e n t s .  The second photodiode t y p e  t o  be b u i l t  under t h i s  
g ran t  i s  an n-diffused diode i n  a p - subs t r a t e  bu t  having a p+-diffused guard 
band around t h e  diode and having the masking oxide grown i n  a c h l o r i n e  atmosphere. 
Figure 2 shows t h e  proposed s t r u c t u r e .  These two measures should reduce t h e  
s u r f a c e  leakage c u r r e n t  t o  neg l ig ib l e  l e v e l s .  

Attempts i n  t h a t  program t o  reduce s e n s i t i -  

The t h i r d  type of photodiode i s  d i r e c t e d  a t  t h e  problem of small area, high 
performance diodes i n  t h e  near  u l t r a v i o l e t  wavelength range. 
wavelengths must have high i n t e r n a l  quantum e f f i c i e n c y  and low s u r f a c e  r e f l ec t i -  
v i t y .  
Also d i f f u s e d  devices  then need an e x t r a  a n t i r e f l e c t i o n  coat ing because t h e  
r e f l e c t i v i t y  o f  ba re  s i l i c o n  i s  very high (about 60%) i n  t h e  u l t r a v i o l e t .  We 
propose an MOS device which makes use of t h e  n a t u r a l  charge of a n  oxide grown 
a t  r e l a t i v e l y  low temperatures t o , i n v e r t  t h e  s u r f a c e  of 100 ohmocm, p-type 
s i l i c o n .  Figure 3 shows t h e  proposed s t r u c t u r e .  
nes s  provides  a b u i l t - i n  a n t i r e f l e c t i o n  c o a t i n g .  
ou t  t h i c k n e s s  op t imiza t ion  has  been used f o r  l a r g e  area devices  ( r e f .  5 ) .  We 
propose a p+ guardband d i f f u s i o n  t o  l i m i t  t h e  s e n s i t i v e  a r e a s .  

Devices f o r  t h e s e  

I t  i s  d i f f i c u l t  t o  make d i f fused  devices  t o  have t h e  high i n t e r n a l  e f f i c i e n c y .  

Jud ic ious  choice of  oxide t h i c k -  
The technique of MOS d iodes  with- 

The fol lowing s t e p s  were completed i n  t h e  g r a n t  per iod towards t h e  goa l  of 
b u i l d i n g  t h e s e  devices:  

1. Black chrome p l a t i n g  on wafers i s  a new p rocess  f o r  t h i s  l abora to ry  
and a small scale,  p l a t i n g  system with r e g u l a t e d ,  low c u r r e n t  sources  
and with temperature r egu la t ion  was b u i l t .  

2 .  Platinum-titanium-gold con tac t s  are  a l s o  a new technique f o r  u s .  
i a l s  were purchased and experiments performed t o  s t anda rd ize  procedure 
f o r  making such c o n t a c t s .  

blater- 

3 .  A s u i t a b l e  set o f  photo masks f o r  t h e  microli thography were designed. 
These were then cu t  two hundred times ove r s i ze  i n  Rubyli th ,  reduced 
pho tograph ica l ly . and  a f i n a l  mask set  with an 11 x 11 p a t t e r n  of 
devices  was made. 
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4 .  Chlor ine  doping of  oxides  is a new process  i n  t h i s  l abora to ry .  
We began but  d id  not  complete under t h i s  g ran t  t h e  development of 
s tandard procedures f o r  t h i s .  

5 .  The necessary  s i l i c o n  wafers and process ing  chemicals were purchased 
and a pre l iminary  run  o f  diodes of t h e  f irst  type was done. 
no f u n c t i o n a l  devices  r e s u l t e d  because of a mask alignment e r r o r .  

However, 

S i n c e r e l y  yours ,  

Carl Cometta, Executive Off ice4  

Div is ion  of  Engineering 

William R .  Pa t t e r son ,  I11 
Senior  Research Engineer 

WRP/ j s 1 
Enclosures  
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B R O W N  U N I V E €2 S 1 T Y P r o d e n c e ,  Rhode I s h d  02912 

DIVISION OF ENGINEERING January 2 3 ,  1976 

M r .  V i r g i l  F. Young 
Martin Marietta Aerospace 
E). 0. Box 179 
Denver , Colorado 

Dear Virg: 

This  w i l i  s e r v e  t o  make more c l e a r  and conc re t e  some of t h e  connents I 
made t o  you l a s t  month r ega rd ing  t h e  p rope r  design c r i te r ia  f o r  t h e  i n f r a r e d  
d e t e c t o r  asser-3ly your group is plannine t o  asseinble f o r  t h e  F l i c h t  Instrument 
S i v i s i o n  of LRC. A s  I s a i d  then ,  I an concerned t h a t  each of  o u r  p r o j e c t s  
should have a d e f i n i t e  focus or: p a r t i c u 3 a ~  a s p e c t s  o f  advancing t h e  technology 
o f  scanning camera d e t e c t o r  a r r a y s .  That ,  a f t e r  a l l ,  is what t h e  bucks are f o r .  
I t  is  a l s o  important t h a t  t h e  planning process  no t  t ake  so long t h a t  i t  erodes 
t h e  time and d o l l a r s  a v a i l a b i e  f o r  a c t u a l  hardware. To t h i s  end I a m  ser.dinq 
cop ie s  of t h i s  l e t t e r  to Messrs Huck and Kelly a t  Langley, and I suzges t  t h a t  
i n  a week o r  so when everyone nas had a chance t o  d i g e s t  i t ,  w e  have a con- 
f e r e n c e  ca l l  t o  decide which of my suggest ions ar5 permane and which are no t .  
Taken t o g e t h e r  they amount t o  nea r ly  com?lete s p e c i f i c a t i o n s  with many e l ec t r i ca l  
and mechaniczl d e t a i l s  worked ou t .  I a m  n i n d f u l  of t h e  adage t h a t  a camel is  
a hor se  designed by a committee. With son:e l u c k ,  however, we may be a b l e  to 
avoid t h e  g r e a t e r  grotesq-ueries o f  bu reauc ra t i c  design. 

The u l t i m a t e  a i m  of your  work. is  a se l f - con ta ined  a r r a y  of PbS d e t e c t o r s  
i n c l u d i n g  f i l t e r s ,  chopper, chopper d r i v e r  and as much of t h e  e l e c t r o n i c s  as 
p r a c t i c a b l e .  
by Lane K e l l e y . ( I )  Eased on t h e  work by John Adams and h i s  co l l eagues  a t  MIT 
and t h e  Universi ty  of Washington, I am n o t  s u m  t h a t  t h e  number s h o u l d n ' t  be 
even h i g h e r ,  say 16  o r  so. 
nunber of mechanical problems, some of which w e  have a l r e a d y  d i scussed  but a l l  
of which seem t o  m e  t o  be c l e a r l y  out of t h e  range of t h e  p r e s e n t  work. 
immediate requirements ,  however, I think t h a t  two channels are s u f f i c i e c t ,  
provided t h a t  t h e  design is done i n  such a way as t o  allow f o r  d i r e c t  s c a l i n g  
t o  e i g h t  channels.  
c i r c u i t  r e a l  es ta te ,  chopper b l ade  s ize ,  number o f  feed th rouehs ,  e tc .  
o u t  t h e  problems of t w o  channels and implementing them i s  a s  much e f f o r t  as 
can reasonablv be expected i n  t h i s  year.  
t h e r e o f .  

E iph t  channels is t h e  prel iminary estimate of  t h e  r e q u i r e d  number 

The l a r g e r  nu rbe r  of  channels  would involve a 

For 

This i nc ludes  provis ion for  such items as channel s e l e c t i o n ,  
Working 

S u f f i c i e n t  unto t h e  day is the  e v i l  

There has  been p e r s i s t e n t  and, to  m e ,  puzzl ing d i scuss ion  o f  t h e  channel 
d i s t r i b u t i o n  arid ope ra r ing  modes fo r  t h e  a r r a y .  There i s  no v i r t u e  and t h e r e  
are cons ide rab le  disadvantages t o  t r y i n g  t o  combine v i s i b l e  channels  based on 
s i l i c o n  diodes with t h e  PbS d e t e c t o r s .  The s i l i c o n  d e t e c t o r s  would get  no 
b e n e f i t  from t h e  chopper and t h e i r  p reampl i f i e r s  would u s e  real  estate needed 
f o r  t h e  PbS e l e c t r o n i c s .  
twenty-four channels of n e a r  U'?, v i s i b l e ,  and n e a r  I R  t h a t  a nex t  Fenerat ion 
system would r e q u i r e .  

T h e r e  c e r t a i n l v  would no t  be room fo r  t h e  s i x t e e n  t o  

The i r  placement with t h e  PbS channels would merely 
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complicate t h e  o p t i c a l  system. 
camera would use two d e t e c t o r  a r r a y s ,  
a r r a y s  would be mounted with t h e i r  o p t i c a l  axes  a t  r i g h t  ang le s  t o  one ano the r .  
(See Fig.  1). 
r e f l e c t i n g  mirror would d i v e r t  t h e  l i g h t  from t h e  one a r r a y  t o  t h e  o t h e r  as 
needed. 

Instead I env i s ion  t h a t  t h e  nex t  gene ra t ion  
For s i m p l i c i t y  and compactness t h e  two ' 

A s t a t i o n a r y  d i c h r o i c  mi r ro r  o r  a so leno id  dr iven t o t a l l y  

I a l s o  b e l i e v e  t h a t  t h e  next  generat ion camera would use i n - l i n e  channel  
mult iplexing f o r  i t s  s i g n a l  t o  n o i s e  advantage and w i l l  probably use an 
imaging r a t h e r  than a so -ca l l ed  "spectrometric" mode of ope ra t ion .  I n  t h e  
l a t t e r  mode, t h e  camera mi r ro r  i s  posi t ioned and t h e  d e t e c t o r s  are s tepped 
through t h e  channels.  
reduced d a t a  r a t e  f o r  communication or s t o r a g e  purposes and inc reased  s i g n a l  t o  
no i se  by us ing  a very slow scan rate without  t h e  pena l ty  of u l t r a  lofig d a t a  
a c q u i s i t i o n  times. For yeasons discussed below t h e  PbS .de tec to r s  w i l l  probably 
be much l a r g e r  than t h e  Viking photodiodes. 
imaging coverage is p o s s i b l e  i n  a l l  e i g h t  channels  i n  l e s s  t i m e  t han  f o r  a 
s i n g l e  channel  a t  t h e  r a t h e r  modest Viking d a t a  rate of 16  kbps. Going t o  
wi th in  t h e  l i n e  as opposed t o  l i n e  s e q u e n t i a l  channel mult iplexing makes 
p o s s i b l e  m u l t i p l e  channel imaging w i t h  r ea sonab le  d a t a  rates and with reduced 
requirements on channel s e t t l i r , g  t imes,  wh i l e  maintaining t h e  op t ion  of us ing  
a s p e c t r o m e t r i c  mode pu re ly  fo r  i ts  s i g n a l  t o  n o i s e  p r o p e r t i e s .  
then a f i n a l  a r r a y  having two switchable se t s  of f o u r  channels a c t i v e  a t  a 
t i m e .  
sw i t ch ing  between two PbS d e t e c t o r s  f o r  each a m p l i f i e r .  For t h e  first c u t  a t  
t h i s ,  one would hclve t w o  complete channels w i th  p rov i s ion  f o r  t e s t i n g  o u t  t h e  
l o w  l e v e l  switching fo r  channel i s o l a t i o n  and f o r  s e t t l i n g  t i m e .  

There are r e a l l y  only two j u s t i f i c a t i o n s  of such ope ra t ion :  

The consequence of t h i s  is  t h a t  

I env i s ion  

There would be f o u r  amplifier/demodulator combinations with low l e v e l  

By way of concluding p r e f a t o r y  remarks, l e t  us  se t  down some of t h e  
r e l a t i o n s  between n o i s e  equ iva len t  power, response t i m e ,  and r e s p o n s i v i t y  which 
ho ld  f o r  PbS d e t e c t o r s .  The o b j e c t  of t h i s  i s  t o  provide a common n o t a t i o n ,  t o  
g ive  a s imple view of how t h e  predominant design criteria i n t e r a c t  and t o  g ive  
some i d e a  of  t h e  numerical  values  poss ib l e  w i t h  commercial d e t e c t o r s .  Because 
t h e  p r i n c i p l e  no i se  l i m i t  i n  photoconductors is s ta t i s t ica l  f l u c t u a t i o n  i n  t h e  
number of carriers i n  t h e  conductor,  t h e  n o i s e  is p r o p o r t i o n a l  t o  t h e  squa re  
r o o t  of t h e  t o t a l  number of carriers i n  t h e  material. 
t h i c k n e s s  of material, it i s  p ropor t iona l  t o  t h e  squa re  root of t h e  area. 
is customary t o  s p e c i f y  a d e t e c t i v i t y  
s i z e  as 

F o r  a given t y p e . a n d  

which is independent of d e t e c t o r  
I t  

Df: 

where NEP is t h e  n o i s e  e q u i v a l e n t  power 
A is t h e  d e t e c t o r  area 
A f  is t h e  measurement bandwidth. 

The i m p l i c i t  hope behind inc lud ing  the f a c t o r  
was t o  make D* 
t i m e  of t h e  d e t e c t o r .  Since t h e  lead salt d e t e c t o r s  are dominated throughout 
t h e i r  u s e f u l  response range by 
t h e  chopping frequency a t  which t h e  measurement w a s  done, and customari ly  t h e  
chopping frequency f o r  h i g h e s t  D;: is chosen. Since t h e  response o f  t h e  
d e t e c t o r  is wavelength dependent, it is a l s o  necessa ry  to  s p e c i f y  t h e  k ind  of 
o p t i c a l  power t o  which t h e  electrical n o i s e  is e q u i v a l e n t ,  whether monochromatic 
o r  b l a c k  body r a t i a t i o n ,  and i f  monochromatic, a t  what wavelength. 

i n  t h e  formula f o r  D* 
independent of t h e  frequency of chopping below t h e  response 

l / f  noise,  i t  is i n  fac t  necessary t o  s p e c i f y  

For o u r  
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purposes t h e  most u s e f u l  d e t e c t i v i t y  is t h a t  f o r  t h e  peak monochromatic response 
which occurs  n e a r  2 um. 

The teniporal response o f  a photoconductor is r e l a t e d  t o  t h e  recombination 
time f o r  t h e  photogenerated c a r r i e r s .  I n  e f f e c t  t h e  d e t e c t o r  cannot s ense  
disappearance of  i l l u m i n a t i o n  any f a s t e r  than  t h e  excess  c a r r i e r s  spontazeousl-  
d i ssappear  by e l ec t ron -ho le  reconhinat ion.  Thus t h e  temporal response is given 
by 

( 2 )  
1 HpbS(s )  = - 

l + S T  

where s is t h e  usua l  Laplace v a r i a b l e  
is t h e  t r a n s f e r  func t ion  of t h e  d e t e c t o r  HPbS 

t is t h e  recombination l i f e t i m e .  

There is a l s o  a r e l a t i o n s h i p  between d e t e c t i v i t y  and 
t h e  des igner .  
i n  room temperature  d e t e c t o r s ,  i t  is usua l ly  t r u e  t h a t  

T which is  important  t o  
Because genera t ion  recombination processes  dominate t h e  no i se  

The c i r c u i t  des igne r  needs to  know t h e  r e s p o n s i v i t y  of t h e  d e t e c t o r  and 
From first p r i n c i p l e s  one can show t h e  n o i s e  vol tage  l e v e l  a t  tne de tec to r .  

t h a t  f o r  a s imple photoconductor a t  o r  below t h e  peak response wavelength: 

where R is t h e  r e s p o n s i v i t y  i n  v o l t s / w a t t  a t  wavelength X i n  microns 
rl is t h e  quantum e f f i c i e n c y  
lJ is t h e  carrier mobi l i ty  
pm 

V 
is t h e  r e s i s t a n c e  between t w o  oppos i t e  edges of  a square  d e t e c t o r  

is t h e  vo l t age  app l i ed  ac ross  t h e  d e t e c t o r .  
=PP 

The response vo l t age  is  t h e  change i n  v o l t a g e  across t h e  device  assuming con- c t a n t  
c u r r e n t  through t h e  d e t e c t o r .  
n o t  given s e p a r a t e l y  and what is important  t o  t h e  des igne r  is t h e  f u n c t i o n a l  
r e l a t i o n s h i p  t h a t  

Generally t h e  quantum e f f i c i e n c y  and mob i l i t y  are 

(4) 

s i n c e  t h e  cons t an t  of p r o p o r t i o n a l i t y  w i l l  o f t e n  be t h e  same over  t h e  whole 
range of a given manufacturer ' s  products.  
d c t e c t i v i t y  l e a d s  t o  t h e  express ion  f o r  n o i s e  vo l t age  d e n s i t y  

Combining t h e  r e s p o s i t i v i t y  wi th  t h e  

1/2 where VN is t h e  n o i s e  vol tage  densi ty  i n  vol t s /Hz  

is a cons t an t .  
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The use fu lness  of ( 5 )  comes from t h e  impl i ca t ion  t h a t  f r o n t  end des ign  can proceed 
independently o f  d e t e c t o r  selection. Usually V is cons t r a ined  by a v a i l a b l e  

v o l t a g e ,  and h e a t i n g  o f  t h e  d e t e c t o r ,  The usua l  procedure fo r  design of t h e  
low end s t a g e s  i s  t o  design f o r  a gain t h a t  w i l l  raise t h e  n o i s e  vo l t age  t o  a 
l e v e l  comparable t o  the  d r i f t  which has t o  be a n t i c i p a t e d  i n  t h e  demodulator 
and subsequent s t a g e s .  Since T / D ~  is a cons t an t  f o r  a w i d e  range of d e r e c t o r s  
and s i n c e  0, 
without p r e s e l e c t i n g  a D:': o r  T. 

aPP 

is we l l - con t ro l l ed ,  equation ( 5 )  al lows one t o  design an a m p l i f i e r  

I t  is n o t  p a r t i c u l a r l y  easy  t o  g e t  t h e  value of 5 i n  equat ion ( 5 )  from 
manufacturer ' s  d a t a  s h e e t s ,  b u t  I have attempted t o  do so f o r  t y p i c a l  d e t e c t o r s  
from t h r e e  manufacturers.  T h e  r e s u l t s  are shown i n  a table i n  Fig.  2. 

I L e t  us  now cons ide r  some a c t u a l  design proposals .  

1. Detector  a rea :  The s i n g l e  parameter which most e f f e c t i v e l y  c o n t r o l s  
t h e  s i g n a l  t o  n o i s e  r a t i o  of t h e  arl'ay i s  t h e  area o f  t h e  d e t e c t o r .  
c r i t e r i o n . f o r  t h e  s e l e c t i o n  o f  t h i s  parameter, I suggest  t h a t  w e  simply design 
fo r  t h e  same s e n s i t i v i t y  i n  a Viking l i k e  camera as t h e  Viking photosensor  a r r a y s  
had. This  c r i t e r i o n  has  t h e  advantage of being simple t o  use  and it y i e l d s  an 
immediately u s e f u l  device.  Let t h e  s e n s i t i v i t y  be de f ined  as t h e  NEP divided 
by t h e  d e t e c t o r  area, i . e .  t h e  RMS no i se  equ iva len t  power p e r  u n i t  area. L e t  
t h e  s u b s c r i p t  V i n d i c a t e  Viking and t h e  s u b s c r i p t  PbS, t h e  new a r r a y .  Then 
for Viking a t  about .Sum with a noise  bandwidth of 2.8 kHz w e  had 

1.45*10-12 watts;  and t h e  d e t e c t o r  area was 1.23.10 

As a 

NEP of 
-9 2 c m  . Thus 

For t h e  l e a d  s u l f i d e  d e t e c t o r s  we have * 

The r e q u i r e d  bandwidth is  reduced i n  p ropor t ion  t o  t h e  number of d e t e c t o r s  t c  
be mult iplexed i n  l i n e  s i n c e  one would slow t h e  mirror down t o  maintain cons t an t  
d a t a  ra te  and t o  t a k e  advantage of  the corresponding reduced bandwidth. 
bandwidth is a l s o  reduced i n  proport ion t o  t h e  d e t e c t o r  s i z e ;  i n  t h e  Viking 
camera t h e  r equ i r ed  bandwidth would have been only 1 . 7  kHz i f  a t t e n t i o n  had been 
p a i d  t o  t h e  proper  shaping of t h a t  response. 

The 

Thus 

and e q u a t i n g  t h e  s e n s i t i v i t i e s  of the  two a r r a y s  y i e l d s :  

where N is t h e  number of  multiplexed channels.  
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Using t h e  parameters f o r  t h e  I n f r a r e d  I n d u s t r i e s  t ype  2 dev ice ,  with 
and N = 2 y i e l d s  

- 3  2 = 1.24.10 cm *P bS 

or  a square d e t e c t o r  .015" on a side.  The corresponding bandwidth i s  

23, 1976 

10  D?: = 4.10 

283 nz. 

There are s e v e r a l  p o s s i b l e  ob jec t ions  t o  t h i s  procedure.  There is less  
There 

However, 

energy i n  t h e  solar spectrum a t  2!im than a t  .6pm by a f a c t o r  of 
are more problems on E a r t h  with atmospheric abso rp t ion .  
has a marginal s i g n a l  t o  no i se  r a t i o  f o r  r a d i o m e t r i c  measurements. 
higher  s i g n a l  t o  n o i s e  r a t i o s  r e q u i r e  s t i l l  l a r g e r  d e t e c t o r s  w i th  concomnitant 
problems i n  degraded s p a t i a l  r e s o l u t i o n  and i n  more s t r i n g e n t  chopper requiremenrs.  

( 3 ) .  
Also t h e  Viking system 

A l t e r n a t i v e l y  one mighElargue t h a t  D;: is  chosen t o o  l o w  s i n c e  o t h e r  
d e t e c t o r s  go t o  1 t o  1.5010 . Unfortunately,  by equat ion (31 ,  t h e  h ighe r  D:t .W 
bought a t  t h e  cost of increasedresponse t i m e  whi le  t h e  i m p l i c a t i o n s  of t h e  reduced 
s i z e  would be an increased bandwidth requirement ,  For t h e  d e t e c t o r  used i n  t h e  
example, t h e  c u t o f f  frequency is  about 1 . 3  kHz. 
s i g n a l s  i n  a band 2283 Hz a b u t  a center chopping frequency which might then be 
1 kHz. 
qu ick ly  r u n s  i n t o  t h e  problem t h a t  twice t h e  bandwidth of  t h e  r e q u i r e d  s i g n a l  
exceeds t h e  bandwidth o f  t h e  d e t e c t o r .  

The d e t e c t o r  must respond t o  

To t r y  t o  improve s p a t i a l  r e s o l u t i o n  wi th  a longe r  response time d e t e c t o r  

On t h e  whole, I feel  a d e t e c t o r  of  .015" square and a response time around 
1 2 0  psec offers t h e  b e s t  compromise. If performance requireme.nts d i c t a t e  higher  
S/N t hen  f u r t h e r  r educ t ion  i n  scanning speed can be t r i e d  and i n  t h e  f i n a l  u n i t  
t h a t  can be combined with a higher  T d e t e c t o r  and a slower chopper. 

2. Detector spacing: Detector spacing i s  contt.olled by t w o  c o n s i d e r a t i o n s .  

The convergence 

I_ 

F i r s t ,  how l a r g e  i s  t h e  cone of convergence of t h e  r a y s  from t h e  l e n s .  
how much space must be allowed between ho le s  i n  t h e  f i l t e r  mask.  
h a l f  a n g l e  is  given by tan'l -l where f i s  t h e  a p e r t u r e  number ( r a t i o  of 
f o c a l  l e n g t h  t o  diameter)  of $%e lens .  
l e n g t h ,  t h e  range of f number is smaller. The Viking camera used an f-5.65 Lens. 
Fu r the r  improvement i n  S/N and s p a t i a l  a c u i t y  can be g o t t e n  by us ing  l e n s e s  t o  
f-4. 
r a p i d l y  i n  bulk. 
shows t h e  r a y  diagram from which t h e  d e t e c t o r  spacing i s  c a l c u l a t e d .  
spacing between mask ho le s  I rather a r b i t r a r i l y  chose .012". This  i s  based on 
al lowing a .004" ker f  r e g i o n  on each side of  t h e  t o p  f i l t e r  edges and a f i l t e r  
t h i c k n e s s  o f  ,02011. A s  d iscussed below under f i l t e r  holder  des ign ,  I s u s p e c t  
it may be necessary t o  use a s i l i c o n  e l e c t r o s t a t i c  s h i e l d  under t h e  f i l ters ,  
so I allowed a generous .030" below the  f i l t e r  holder  as .020" for  clearance 
above t h e  wire bonds and ,010" f o r  t h e  s i l i c o n .  
t h e n  t h e  ,010" can be used t o  s t i f fen  t h e  f i l t e r  holder .  The r e s u l t i n g  d e t e c t o r  
s e p a r a t i o n  is . 0 2 0 f 1 .  For 2 d e t e c t o r s  t h e  a r r a y  l e n g t h  is ,050" long; f o r  8 
d e t e c t o r s  .260" l ong ,  

Second, 

Although cameras may v a r y  i n  l e n s  f o c a l  

B e l o w  t h a t  l e n s  des ign  becomes d i f f i c u l t  and t h e  o p t i c a l  system grows 
I suggest  designing f o r  an f - 4  system as worst case. Figure 9 

For t h e  

If no s i l i c o n  s h i e l d  i s  used, 

3 .  Chopper s e l e c t i o n :  Chopper frequency should be as  h igh  as i s  compatible 
w i t h  t h e  d e t e c t o r  response t i m e  and the  r equ i r ed  blade s i z e .  
t h e  h igh  frequency i s  t o  minimize the l / f  n o i s e  and t h e  s i z e  of  t h e  chopper. 
The r e q u i r e d  blade s ize  is determined by t h e  a r r a y  s ize  and t h e  he igh t  berween 
t h e  b i a d e s  and t h e  a r r a y ,  
and t h e y  t e l l  me t h a t  by p u t t i n g  t h e  b l ades  a t  t h e  bottom of t h e  t i n e s  and s e t t i n g  

The purpose behind 

I discussed t h e  l a t t e r  problem with t h e  Bulova people 
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t h e  t i nes  low on t h e  p o l e  p i e c e s  t h a t  t h e  b l ades  could be spaced .120" above 
t h e  mounting p l a t e .  
and t h e  d e t e c t o r s  l e a v e s  .155" from t h e  blades t o  t h e  d e t e c t o r .  The r e q u i r e d  
maximum optimum opening i s  t h e  width of t h e  d e t e c t o r  p l u s  s l i g h t l y  less than  
t h e  height  divided by f .  
i n  t h e  chopped s i g n a l . )  
blades would be half  t h a t .  
t han  t h e  a r r a y  l e n g t h  p l u s  t h e  neiqht d iv ided  by 
to l e rance .  i make it about .320". mese dimensions are w e i i  wi thin Yuiova:s 
c a p a b i l i t i e s  a t  f r equenc ie s  t o  1 .3  Mz. 
p r e f e r a b l y  go ld ,  t o  reduce emission a s  t h e  chopper w a r m s  up. 

Allowing .035" f o r  t h e  clearance between t h e  mounting p l ane  

( S l i g h t l y  less t o  maximize t h e  fundamental component 
I g e t  a number nea r  ,048". N a t u r a l l y ,  a t  rest ,  t h e  

I n  length,  t h e  b l ades  need t o  be s l i g h t l y  l o n g e r  
f t o  a l low f o r  placement 

The b l ade  f i n i s h  should be b r i g h t ,  

_. 

As remarked above, with a 1 2 0  usec d e t e c t o r ,  one could use  a 1 kHz chopper 
and s t i l l  have t h e  3 DB response point  above t h e  upper sideband. However, it 
might be wiser t o  go s l i g h t l y  lower in  f requency,  t o  say 800 Hz. A t  t k i t  
frequency t h e  l / f  n o i s e  is o n l y  s l i g h t l y  worse ( f a c t o r  of  1.1) but t h e  3 DB 
response i s  above t h e  upper sideband i n  t h e  worst  case for  t h a t  d e t e c t o r  ssries. 
Also, by s l i g h t l y  f o o l i n g  around w i t h  t h e  a m p l i f i e r  response shape, one might 
be a b l e  t o  use  t h e  next  h ighe r  d e t e c t i v i t y  dev ice ,  which has a 200 psec response 
t i m e  , 

4 .  Front end ampl i f i e r :  Two dec i s ions  are c r i t i c a l  i n  t h e  cho ice  o f  f r o n t  
end design.  
o f  an i n p u t  a m p l i f i e r  device.  
a m p l i f i e r  c a p a c i t i v e l y  coupled t o  the PbS and a b i a s i n g  r e s i s t o r .  
is  probably no t  very s u i t a b l e  f o r  u s  fo r  a number of  reasons:  it does n o t  l end  
itself well  t o  low i e v e l  mult iplexing of s e v e r a l  channels ;  it r e q u i r e s  higher  
b i a s  v o l t a g e s  for  a given s i g n a l  l e v e l ;  it a l lows  o n l y  very crude shaping of 
t h e  frequency respoxxes.  
Fig.  3a. 
l o w  and an i n t e g r a t o r  around t h e  input s t a g e  to  shape t h e  frequency response 
and t o  maintain t h e  b i a s  w i th in  t h e  proper range. 
ideal a m p l i f i e r s  would be: 

They a r e  t h e  s e l e c t i o n  of  c i r c u i t  con f igu ra t ion  and t h e  s e l e c t i o n  
The t r a d i t i o n a l  conf igu ra t ion  i s  a non-invert ing 

This  c i r c u i t  

In s t ead  I recommend t h e  somewhat novel c i r c u i t  of 
Th i s  u ses  a non-invert ing s t a g e  t o  keep t h e  i n p u t  node v o l t a g e  ve ry  

The t ransfer  f u n c t i o n  assuming 

HW = -[;I L 2  1 
s TIT;tST;+l 

where T = RICl 
1 

= R2C2* PI R1 
1 

T h i s  is a bandpass a m p l i f i e r  having a center frequency of f = 
C 

a g a i n  of R1/RD a t  t h a t  frequency and a Q of J.;/.;. 
t h i s  c i r c u i t  are t h e  following: 

The advantages of 

1) I t  allows low l e v e l  mult iplexing o f  an  i n d e f i n i t e  number of channe l s  by 
swi t ch ing  b i a s  vo l t age .  
r e g a r d l e s s  of d e t e c t o r  r e s i s t a n c e  o r  i l l u m i n a t i o n ,  t h e r e  w i l l  always be 
good channel i s o l a t i o n  no matter how many channels  sha re  t h e  switched b i a s  
l i n e .  

S ince  t h e  inpu t  node i s  always near  ze ro  p o t e n t i a l  
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2 )  I t  has low s e n s i t i v i t y  t o  input  vo l t ages  from chopper capac i tance  
because of t h e  low node vo l t age .  

3) 
a d e s i r a b l e  way. 

The response func t ion  can be used t o  shape t h e  o v e r a l l  band shape i n  

4) It has low s e n s i t i v i t y  to noise  on t h e  nega t ive  power supply l e a d .  

The disadvantages are: 

1) 
o p e r a t i o n s  need more a m p l i f i e r s  and every th ing  can be accommodated w i t h  
one quad o p e r a t i o n a l  a m p l i f i e r  chip p e r  channel .  

I t  uses  an e x t r a  a m p l i f i e r .  This  i s  no t  s e r i o u s  s i n c e  t h e  remaining 

2)  
modeling on t h e  e f f e c t s  of high frequency a m p l i f i e r  p o l e s  on c i r c u i t  
s t a b i l i t y  a r e  necessary .  

The c i rcui t  phase margin is very  t i g h t .  Fu r the r  checks by computer 

He d e f e r  t o  a l a t e r  s e c t i o n  t h e  s e l e c t i o n  of g a i n ,  c e n t e r  f requency and Q. 

The s e l e c t i o n  of t h e  A 1  device type  i s  pure ly  a ma t t e r  of optimum n o i s e  
performance. F igure  3b s h o w s  a noise  model f o r  t h e  s t a g e  from which one can 
see by i n s p e c t i o n  t h a t  t h e  vo l t age  noise  d e n s i t y  ( p e r  r o o t  Hz) a t  t h e  output  
of t h e  a m p l i f i e r  is 

< s i  
* 

= [plin) + eoARl(RD+R3) 2 /RDR3 + 4km1 'noise o u t  

l where i i s  t h e  a m p l i f i e r  input  n o i s e  c u r r e n t ;  for an  a m p l i f i e r  with no 
2 
n b i a s  

n 
i n t e r n a l  bias and n e p l i p i b l e  l / f  n o i s e  i = 2ei 

e 
op  amp i s  t h e  n o i s e  vo l t age  d e n s i t y  of t h e  o p e r a t i o n a l  a m p l i f i e r  r e f e r r e d  

i n p u t  

is t h e  d e t e c t o r  n o i s e  given by equat ion  ( 5 )  above. 'nD 

The choice of a m p l i f i e r  t ype  reduces  t o  minimizing t h e  sum of t h e  first t w o  terms 
i n  t h e  bFackets.  
d e v i c e s  with t y p i c a l  r e s i s t e n c e  choices .  
t h e  LM108 and t h e  LM216A, o t h e r  types being c l e a r l y  i n f e r i o r .  
LM108 is  t h e  b e t t e r  choice.  The b i a s  v o l t a g e  V . i s  chosen t o  make V i D  t h e  

dominant term i n  ( 6 )  s u b j e c t  t o  t h e  c o n s t r a i n t  t h a t  it be low enough t o  be 
swi t chab le  and no t  t o  hea t  t h e  device. 
12 and 1 5  v o l t s  would be s u i t a b l e .  

p roper  bias range for t h e  ope ra t ion  of  A 2 .  

Figure  4 g i v e s  a t a b l e  of t h e s e  terms f o r  s e v e r a l  candida te  
The t a b l e  shows an even t r adeof f  between 

On t h e  whole, t h e  

aPP 

The a m p l i f i e r  supply v o l t a g e  between 
would i n s u r e  t h e  Then Rg = 1 R 2 D nominal 
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5. Second s t a g e  and demodulator conf igu ra t ion :  Some e x t r a  g a i n  before  
t h e  demodulator i s  probably d e s i r a b l e ,  and making t h a t  ga in  a tuned s t a g e  
s u b s t a n t i a l l y  improves t h e  p o s s i b i l i t y  of shaping t h e  o v e r a l l  f requency response.  
The demodulator has t o  be a f u l l  wave type  t o  maximize t h e  s i g n a l  t o  ncise  and 
t o  make t h e  r i p p l e  components as  small as  p o s s i b l e .  
from a l o w  impedance source.  
one would use  a low p a s s  f i l t e r  of t h i r d  o r d e r  o r  h ighe r ,  but  it is n o t  aecessa ry  
o r  d e s i r a b l e  t o  inc lude  more than t h e  f irst  p o l e  of t h a t  f i l t e r  wi th in  t h e  a r r a y ,  
A simpie c i r c u i t  which meets t h e s e  cr i ter ia  is shown i n  Fig.  5 .  
means t h e  o n l y  p o s s i b i l i t y ,  but I think it would probably work w e l l ,  

The ou tpu t  has t o  be d r i v e n  
Probably t o  r educe  t h e  r i p p l e  components s u f f i c i e n t l y  

I t  is by no 

Amplif iers  A2, A3, A4 and A5 can a l l  be p a r t  of an LM124 ch ip .  The E T  
switches might be a S i l i c o n i x  DG200 chip but I expect you have a p r e f e r r e d  
dev ice  type  from your o t h e r  work. 
given by 

The t ransfer  func t ion  of t h e  tuned s t a g e  is 

where t = R4C4 4 

1 
'6 2 5 6  = - C  R 

Adjust ing T4 - - T~ for  p o l e  c a n c e l l a t i o n  l e a d s  t o  a t ransfer  function for a 

6. Component s e l e c t i o n :  I n  consider ing t h e  f i l t e r  d e s i g n ,  I r e a l i z e d  t h a t  
_1---- 

it made sense  t o  use  t h e  bandwidth f o r  t h e  f i n a l  8 channel  a r r a y  so t h a t  t h e  
des ign  and t e s t i n g  o f  t h e  f i l t e r s  would not have t o  be r epea ted .  The argument 
for h ighe r  s i g n a l  t o  n o i s e  seemed compelling enough t h a t  I d i d  no t  r e c a i c u l a t e  
t h e  d e t e c t o r  area but simply assumed t h a t  t h e  f a c t o r  of  2 i n  bandwidth t r i l l  r e s u l t  
i n  a 40 p e r c e n t  improvement i n  no i se .  
would be dominated by t h e  
v e l o c i t y  of t h e  m i r r o r  would be chosen t o  p l a c e  t h e  first ze ro  of t h i s  a t  f o u r  
times t h e  bandwidth o u t  from t h e  cen te r  frequency. (Th i s  corresponds t o  p i x e l  
spacing equa l  to  t h e  l e n g t h  of t h e  d e t e c t o r  element and a bandwidth equal  t o  
half t h e  sampling r a t e , )  I a d j u s t e d  a second o r d e r  t r a n s f e r  f u n c t i o n  t o  op t imize  
t h e  MTF. Fig.  6 shows t h e  r e s u l t i n g  low p a s s  equ iva len t  t r a n s f e r  f u n c t i o n .  
Applying a bandpass t ransformation y i e l d s  F ig .  7 .  The corresponding requirements  
for  c e n t e r  f r equenc ie s  are 687.24 Hz f o r  t h e  first s t a g e  and 931.26 Hz f o r  t h e  
second. The Q o f  both s t a g e s  is 5.76. I chose a first s t a g e  g a i n  o f  1 5  
somewhat a r b i t r a r i l y  and a second s tage g a i n  of 1 0  t o  g e t  t h e  est imated RMS noise 
up t o  abou t  3 mV as  being s a f e l y  above d r i f t  l e v e l s  i n  subsequent s t a g e s .  
des ign  equa t ions  f o r  t h e  a m p l i f i e r s  (v ide  sup ra )  then l e a d  t o  t h e  c i r c u i t  drawn 
i n  Fig. 8 .  

I assumed f u r t h e r  t h a t  t h e  MTF of t h e  system 
s i n  w/w cutoff  due t o  t h e  d e t e c t o r  s i z e  and t h a t  t h e  

The 
-- 

The d e t e c t o r  i s  assumed t o  be t h e  I n f r a r e d  I n d u s t r i e s  Type 2 series. 
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If a longer  response time d e t e c t o r  i s  used t h e n  it is p o s s i b l e  t o  choose unequal 
Q ' S  f o r  t h e  two s t a g e s  and remove the  r e sponse  t i m e  effects  from t h e  o v e r a l l  MTF 
curve.  
t h e  c o r r e c t n e s s  of  component v a l u e s  before i t  is implemented. 

Na tu ra l ly  t h e  c i r c u i t  has t o  be computer modeled f o r  s t a b i l i t y  and f o r  

7 .  Miscellaneous remarks on t h e  case: The case should be made from t h e  
- -  

easiest ,  cheapest  m a t e r i a l  t o  work with. 

Nickel p l a t i n g  with o r  without gold would be n i ce .  
c o n s t r a i n t s  t o  make Kovar necessary.  L i k e w i s e ,  t h e r e  i s  nothing sac red  about  a 
round case - r e c t a n g u l a r  w i l l  do.  S imi l a r ly ,  it may be easier t o  u s e  a square 
window. 
do a good j o b  of blocking v i s i b l e  l i g h t  from t h e  a r r a y . ( 4 )  To seal  t h e  a r r a y ,  I 
t h i n k  a clamp o r  some screws can hold it t o g e t h e r ,  but probably a l i t t l e  of t h e  
2-part s i l i c o n e  RTV s e a l a n t  on t h e  outer  edge seal  might be prudent  fo r  f i n a l  
shipment and/or t e s t .  

I recommend b r a s s  as  being e a s i l y  machined 

We do  not  have any environmental  
and eas i ly  s=lder& f a r  feedtb,-cugh, y e t  durable a ~ d  t a ~ g h  EEQGrrh f-nm t h e  

b-- --- 

I recommend Scho t t  RG780 g l a s s  f o r  t h e  window on t h e  grounds t h a t  it w i l l  

I t  seems t o  m e  that having f i l t e r s  made for  t h e  a r r a y  on .010" t o  ,020" g l a s s  
is l i k e l y  t o  be expensive and t o  be a major headache. I suggest  holding off 
g e t t i n g  t h a t  done u n t i l  t h e  main j o b  of  t h e  e l e c t r o n i c s  and hybrid packaging has 
been planned and s t a r t e d .  
Radiat ion and OCLI f o r  a bes t  e f f o r t ,  s i n g l e  s h o t  t r y  a t  a .1 - .12 pm f i l t e r  
centered a t  2 pm on a ,020" g l a s s  of t h e i r  cho ice .  
and would g e t  u s  something to  use and something t o  p r a c t i c e  c u t t i n g  on. I n  t h e  
matter of c u t t i n g  I suspect  t h a t  one could g e t  b e t t e r  r e s u l t s  u s ing  p h o t o r e s i s t  
t o  mask an e t c h  of kerf p a t h s  through t h e  i n t e r f e r e n c e  l a y e r s  before  c u t t i n g .  
Done r i g h t ,  t h i s  might even a l low one t o  s c r i b e  and break t h e  s u b s t r a t e  i n s t e a d  
of having t o  c u t .  

If funds then seem a v a i l a b l e  I suggest  a sk ing  Coherent 

This would be minimum c o s t  

I t h i n k  t h e  f i l t e r  holder  can be f l a t  and should be q u i t e  l a r g e ,  extending 
Such an 

P. l i p  

partway under t h e  chopper and o u t  completely covering t h e  e l e c t r o n i c s .  
ex t ens ion  s i m p l i f i e s  t h e  r educ t ion  of coupl ing from t h e  chopper i n t o  t h e  
p r e a m p l i f i e r s  and lowers t h e  amount of s c a t t e r e d  l i g h t  i n s i d e  t h e  a r r a y .  
or r i m  around t h e  i n s i d e  wall of t h e  case can prevent  t h e  mask from f a l l i n g  i n t o  
t h e  e l e c t r o n i c s  during assembly. The material might be ,010" s t a i n l e s s  s tee l  o r  
b r a s s  shim s tock  overcoated w i t h  Ni/Au/ black chrome. 
i s  probably necessary t o  make t h e  p rec i s ion  ho le s  f o r  t h e  f i l t e r  a p e r t u r e .  
LRC cannot  f i n d  a s u p p l i e r ,  I may be a b l e  t o  f i n d  one here .  

E l e c t r o n  d i scha rge  machining 
If 

A f i n a l  problem with t h e  f i l t e r  ho lde r  is t h e  p o s s i b i l i t y  t h a t  t h e  chopper 
may couple  e l e c t r o s t a t i c a l l y  through t h e  f i l t e r s  t o  t h e  d e t e c t o r s .  
t r a d i t i o n a l  s o l u t i o n  is  t o  in t e rpose  a conducting, grounded, t r a n s p a r e n t  s u r f a c e  
between t h e  two, The t r a d i t i o n a l  t i n  and indium ox ide  c o a t i n g s  a r e  opaque i n  t h e  
i n f r a r e d  so some o t h e r  material i s  necessary.  One p o s s i b i l i t y  is f o r  m e  t o  make 
you some t h i n  bars of 1 0 - o h  c m  s i l i c o n  wi th  aluminum con tac t  r i m s .  I would g i v e  
both s i d e s  an a n t i r e f l e c t i o n  coat ing of q u a r t e r  wave S i02  peaked a t  1 . 8  pm, and 
you could mount them t o  t h e  underside of  t h e  f i l t e r  holder with conducting epoxy, 
p r e f e r a b l y  s i l v e r  cpoxy. I f  you want  some of t h e s e ,  even j u s t  as a p r e c a u t i o n ,  
l e t  m e  know t h e  exact  dimensions. To save space,  one would probably recess t h e  
s i l i c o n  i n t o  t h e  f i l t e r  holder .  

The 
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The fol lowing f i n a l  remarks a r e  i n  no p a r t i c u l a r l y  l o g i c a l  o r d e r ,  
wire bondable feedthroughs may be a problem, fo r  which t h e r e  a re  a couple  o f  
s o l u t i o n s .  One p o s s i b i l i t y  i s  t o  use I C  headers  so lde red  i n t o  t h e  case, I 
could g e t  some of those .  
and use indium s o l d e r  on gold wires bonded t o  t h e  mother board. 
p o s s i b l e ,  and c e r t a i n l y  better than t r y i n g  t o  p l a t e  up your own feedthroughs as  
EGGG d i d .  

Finding 

Another p o s s i b i l i t y  is  t o  u s e  so lde r -p l a t ed  feedthroughs 
Tricky,  but 

Sepa ra t e  power i i n e s  inc iud ing  ground are probabiy needed f o r  t h e  chopper 
d r i v e  c i r c u i t  t o  avoid coupling problems. 

Lead s u l f i d e  d e t e c t o r s  do no t  l i k e  u l t r a  v i o l e t  l i g h t  and t a k e  s e v e r a l  
days t o  r ecove r ,  even from extended exposure t o  f l u o r e s c e n t  l i g h t ,  
a l s o  i n t o l e r a n t  of c l ean ing  chemicals and high temperatures  such as f o r  epoxy 
cu r ing  . 

They are 

8. Summary: This  n o t e  con ta ins  enough material  t h a t  it may be d i f f i c u l t  
I would enjoy t a l k i n g  it over  with you and hope t h a t  such a conversat ion t o  d i g e s t .  

might d i s p e l  any susp ic ion  of  hubris  i n  m e .  
fol lowing i s  a t a b l e  of  t h e  p r i n c i p l e  a r r a y  characteristics: 

To p u l l  t h e  material t o g e t h e r ,  t h e  

Type of d e t e c t o r :  room temperature l e a d  s u l f i d e ;  In f r a red  I n d u s t r i e s  I n c .  
t y p e  2 or t y p e  3 .  

Number of  channels:  two channels a c t i v e  a t  a l l  times w i t h  s e p a r a t e  b i a s  
connection fo r  each one. 

S i z e  of  d e t e c t o r s :  ,015" square on ,035" c e n t e r s ,  

Band width : 140 Hz. 

P r e a m p l i f i e r  c i r c u i t :  see F i g .  8 .  

Chopper : 

Case material: 

Window : 

Case seal: 

Bulova type L2-C wi th  frequency 800 Hz and b i g h t  
f i n i s h  blades mounted as c l o s e l y  as p o s s i b l e  t o  t h e  
base plane.  The blades are ,310" long  w i t h  a r e s t  
separat ion of ,02 5" nominal . 
n i c k e l  p l a t ed  b r a s s .  

Scho t t  RG-780 g l a s s .  

s i l i c o n e  rubbe r  i f  needed. 

Yours t r u l y ,  

W i l l i a m  R .  P a t t e r s o n  I11 
Sen io r  Research Engineer 

WRPI I I / r w  
xc:  Lane Kelley 

Fred Huck 
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MFR. 
TYPE iNRl I supply MAX* \'offset 

2 mV 4.5 pv 4.8 pV 6.6 pV 1.2 mA N a t i o n a l  LM107 

N a t i o n a l  LM108 2.7 5.4 6.0 . 3  2 

National LM216A 0 7.5 7.5 1.6 3 
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I ' .  1 

Analysis of Signal  t o  Noise i n  PbS System 

We wish t o  c a l c u l a t e  t h e  advantage o r  disadi 

Appendix I - B  

antage with r 
no i se  r a t i o  t h a t  a high frequency chopper confers  r e l a t i v e  t o  a 

p e c t  t o  s i g n a l  t o  
f l a g  and sample 

s u b t r a c t i o n  technique f o r  s t a b i l i z i n g  a DC PbS system. We s h a l l  assume t h a t  each 
system has a bandwidth of 140 Hz , t h a t  t h e  d e t e c t o r  i n  each i s  optimized f o r  t h e  
p a r t i c u l a r  type of system, and t h a t  the d e t e c t o r s  have s u f f i c i e n t  b i a s  t o  make t h e  
d e t e c t o r  n o i s e  t h e  dominant system l i m i t a t i o n .  

K i s  a cons t an t  and f i s  t h e  frequency. If H(f) i s  t h e  r e l a t i v e  response of  
t h e  a m p l i f i e r ,  then t h e  n o i s e  vo l t age  is  

Inva r i ab ly  t h a t  n o i s e  w i l l  be 
1Cl;~bnrl L A A L , \ b L  rrn;rn a h v A a b  A u A  C n r  t.vh;,-h v v s A L b a 1  +h.n cI1iL mncln i i i b u 1 1  ayuaie .--..nn no i se  density has the form ~ 2 / f  *'LA-- W l l G I  G 

To apply equat ion (1) t o  t h e  DC system, we assume t h a t  t h e  a m p l i f i e r  c u t s  
o f f  a b r u p t l y  a t  140 Hz and below t h a t  frequency has a f l a t  response down t o  a 
frequency a t  which t h e  sample and s u b t r a c t  system has an e f f e c t  on t h e  r e l a t i v e  
response.  This frequency is approximately 1 / 2  T, where Ts is  t h e  time between 
samples. 
Then 

We assume t h a t  t h i s  lower frequency a l s o  r e p r e s e n t s  an abrupt  c u t  o f f .  

'N - - KDC Rn(f upper'flouer) = KDC ' Rn(280Ts) . 

For t h e  chopped system, we aga in  assume t h a t  t h e  gain i s  f l a t  w i t h i n  t h e  pass-  
band o f  t h e  system. 
form f a c t o r  By 
bandwidth. Thus 

We a l s o  compensate f o r  t h i s  approximation by introducing a 
t h e  r a t i o  between the  apparent  bandwidth and t h e  n o i s e  equivalent  

where f c  i s  t h e  chopper c e n t e r  frequency. 

For a t y p i c a l  2 p o l e  a m p l i f i e r  a f t e r  t h e  synchromous r e c t i f i e r ,  B would be 
about 1 . 2 .  With a chopper frequency of 800 Hz we have 

- En (1.43) 'N - KAC ' 
If  t h e  two ampl i f i e r s  have t h e  same gain then t h e  r a t i o  of Q c / K A C  i s  t h e  

i n v e r s e  r a t i o  of t h e  peak d e t e c t i v i t i e s  o f  t h e  two types of d e t e c t o r s .  
t o  i n c r e a s e  t h e  response time o f  t h e  DC system d e t e c t o r  and t h i s  allows f o r  some 
i n c r e a s e  i n  d e t e c t i v i t y .  
Opt0 t y p e  OE-20 g ives  
i s  s imply given by t h e  r a t i o  of t he  mean abso lu te  value of the fundamental frequency 
of t h e  chopped l i g h t  t o  t h e  i n c i d e n t  l i g h t  l e v e l .  
s e n s i t i v e  t o  t h e  chopper design,  so long as t h e  design i s  nea r ly  a 50% duty cycle .  
For a square wave chopper it is 4/n2; 
t un ing  f o r k  chopper should be somewhere i n  between o r  about 1/3.  
Q 
AC system t o  the  s i g n a l  t o  n o i s e  ratio of  t h e  DC system. 

I t  i s  p o s s i b l e  

Comparing the u s e  of  an I R  I n d u s t r i e s  type 3 with t h e  
bc/KAC = - 8 .  Under t h i s  condi t ion,  t h e  r a t i o  of r e s p o n s i v i t i e s  

Th i s  r a t i o  i s  not  e s p e c i a l l y  

f o r  a s inuso ida l  chopper it i s  l / r .  The 
Suppose we l e t  

be a f i g u r e  of merit def ined as the r a t i o  o f  t h e  s i g n a l  t o  n o i s e  r a t i o  of t h e  
Then 
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Rn (280Ts) 

Q = 1. [k]/ KAC Rn(l.43) 

an( 1.43) = . 2 7  

For line sampling each line, T would be = 2 sec. and Q would be 1.21. 
We have neglected the effect of the galancing PbS cell on the noise; this would 
introduce a factor of fi onto Q and it is probable that a Ts of 12 sec, as 
in the Viking camera, would represent a better design because of longer mechanical 
life. These two factors would lead to Q = 1.94. 

rw 
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Appendix I 1  

Noise S t a t i s t i c s  i n  t h e  Viking Cameras 

Consider a camera which scans a uniformly i l l umina ted ,  uniformly 

r e f l e c t i n g  area subtending M p ixe ls .  In  t h e  Viking cameras t h e  n o i s e  

i n  h o r i z o n t a l l y  ad jacen t  p i c t u r e  elements makes t h e  measured p i x e l  va lues  

s t a t i s t i c a l l y  independent. Moreover, because t h e  n o i s e  bandwidth p r i o r  

t o  t h e  A/D conve r t e r  i s  much more than h a l f  t h e  sample l i m i t  (5 kHz vs .  

1.6 kHz) and because t h e  A/D converter  is  o f  t h e  r e s e t a b l e  i n t e g r a t o r  type 

with an i n t e g r a t i o n  time of only 1/3 of a p i x e l ,  I th ink  one can t r e a t  

even i n l i n e  ad jacent  samples as roughly independent.  

t h e  M p i x e l s .  The ques t ion  then a r i s e s :  how does one e s t ima te  t h e  

probable  range o f  e r r o r  i n  the  average. 

t h e  average are a func t ion  of  the  over ly ing  gaussian noise .  

d e r i v i n g  t h e  p r o b a b i l i t y  d i s t r i b u t i o n  f o r  t h e  ind iv idua l  p i x e l  va lues  

assuming a p e r f e c t  A/D conver te r .  

quan t i za t ion  l e v e l s ,  i .e .  i f  DN = 64 is  1 v o l t  then  a l l  measurements are 

expressed i n  64ths  o f  a v o l t  and 1 v o l t  + 64. 

conver te r  be cha rac t e r i zed  by gaussian a d d i t i v e  no i se  with s tandard  devia-  

t i o n  = u. 

i n t e g e r  number of u n i t s  so  as t o  br ing t h e  t r u e  mean o f  t h e  signal wi th in  

t h e  range +1/2. Then t h e  p r o b a b i l i t y  t h a t  t h e  input  vo l t age  x l i e s  be- 

tween x and x + dx i s  P,(x)dx where 

where a is t h e  f r a c t i o n a l  p a r t  of t h e  true inpu t  signal. For an i d e a l  

A/D conver te r ,  t h e  output  is  n i f  t h e  input  l i e s  between n - 1 /2  and 

n + 1/2.  Let P (n) be t h e  p r o b a b i l i t y  d i s t r i b u t i o n  of t h e  p i x e l  DN 

va lues .  Then 

Suppose one averages 

The s ta t is t ical  p r o p e r t i e s  of 

We begin by 

Let a l l  s i g n a l s  be sca l ed  i n  u n i t s  of 

Let t h e  input  t o  t h e  A/D 

Let u s  s u b t r a c t  from the input  s i g n a l  a cons t an t  l e v e l  of  an 

PA(x) = l / ~ &  exp[- ( ~ - a ) ~ / Z u ~ ] ,  

D 
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2 

n+1/2 

PD(n,a,a) = - exp [- ( ~ - a ) ~ / Z a ~ ] d x  
dz ~ 

n-1/2 

z 
The func t ion  e r f ( z )  is defined as  e r f ( z )  = 1 exp[-z2/2]dz and 

can be r e a d i l y  computed by severa l  techniques (see e .g . ,  Abramowitz and 

Stegun, Handbook of Mathematicaz Functwns , equati0n.s 26.2.16 through 

26.2.19). Let u = x-a/a. Then 

0 

1 (n+ 2 -a)/a 

(n- 7 -a)/a 
PD(n,a,u) = - exp [ -u2/2] du 

1 dz 

= 2{erf((n+ 2 1 -a)/u) - e r f ( ( n -  T 1 -a)/.)) 

The range of n is t h e  s e t  of i n t ege r s  from -Q t o  =; f o r  u >> 1 

t h e  r e s u l t  approaches PA(n); t h e  func t ion  is  symmetric i n  a and so 

t h e  range of  v a r i a b l e s  o f  p r a c t i c a l  i n t e r e s t  is ~ ~ ( . 0 5 , 5 )  as[0 ,1 /2] .  

I a t t a c h  t a b l e s  of  P (n,a,u) and p l o t s  o f  t h e  mean and s t anda rd  devia-  

t i o n  of t h e  d i s t r i b u t i o n s .  

D 
The mean and s tandard  dev ia t ion  a r e  c a l c u l a t e d  

by- 

for t h e  mean and 

f o r  t h e  s tandard  devia t ion .  The d i f f e rence  between R(a,o) and a 



I .  

r ep resen t s  t h e  u l t ima te  l i m i t  t o  the  r e s o l u t i o n  of t he  mean rad iance  set 

by the  quant iza t ion .  In  t h e  absence of  no i se  t h i s  l i m i t  i s  one h a l f  a 

quant iz ing  s t ep .  For u = .OS it drops t o  = .4 of  a s t e p  and drops 

with increas ing  u u n t i l  a t  u = .5 t h e  l i m i t  is  .0024 of a s t e p .  

111~s we are led t o  the conciusion t h a t  for  a given i e v e i  of quan t i za t ion ,  

a system with noise  a t  the  inpu t  is capable of h igher  u l t i m a t e  r e s o l u t i o n  

than one without noise .  The catch,  o f  course,  i s  i n  two problems: t h e  

A/D conver te r  is not  l i k e l y  t o  be near  enough t o  i d e a l  t o  g ive  a l i n e a r  

t r a n s f e r  func t ion  a t  high r e so lu t ion .  

of samples requi red  t o  achieve a given accuracy rises r a p i d l y .  

mL .- 

Also, as no i se  i n c r e a s e s ,  t h e  number 

The problem of the  accuracy o f  t h e  A/D conver te r  is one which cannot 

be es t imated  t h e o r e t i c a l l y  s ince  it involves  a ques t ion  of f a c t ,  t o  w i t  

t h e  cons t ruc t ion  of a p a r t i c u l a r  conver te r .  

v a t i o n s  are poss ib l e .  

on ly  a few b i t s  of  low s ign i f i cance  change i n  t h e  no i se  range than  i f  high 

o r d e r  b i t s  change. 

form of  r e s i s t o r  network t o  generate a vo l tage  which i s  compared t o  t h e  

i n p u t  vol tage.  

i n  making t h e  lzrge steps i n  t h i s  r e s i s t o r  ladder  p r e c i s e l y  equal t o  t h e  

c o r r e c t  mu l t ip l e  of the  smallest s tep .  

involved i n  a conversion, then the l i n e a r i t y  over a f r a c t i o n a l  s t e p  w i l l  

However, two genera l  obser-  

F i r s t ,  t h e  accuracy of t h e  r e s u l t  w i l l  be b e s t  i f  

This  i s  because almost a l l  A/D conve r t e r s  use some 

The p r i n c i p l e  l i n e a r i t y  problem a r i s e s  from t h e  d i f f i c u l t y  

If no change i n  t h e  high s t e p s  i s  
, 

be improved. For example i n  a 6 b i t  system, averaging w i l l  be more accu- 

rate f o r  a s i g n a l  with a range of DN from 26 t o  30 than fo r  a s i g n a l  from 

30 t o  34 s ince  i n  t h e  former only b i t s  1, 2 and 3 change while a l l  s i x  

b i t s  change i n  t h e  lat ter.  Second, changes i n  a s i g n a l  l e v e l  are more 

a c c u r a t e l y  determined by averaging than is t h e  abso lu te  value.  
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The quest ion of  how many p i x e l s  must be averaged t o  achieve a given 

level of accuracy i s  amenable t o  mathematical t rea tment .  

de f ine  t h e  e r r o r  i n  a measured average of M p i x e l s ,  ~ ~ ( M , a , u , x ) ,  by 

saying t h a t  it is t h e  sum of  two terms, namely a s ta t i s t ica l  u n c e r t a i n t y  

Suppose w e  

iE +hn n~+;m.-,+n =f +ha - ~ V L I - O , , ~  -C +I..- n h l t r  ..-A +ha .4-..4..+:-- ..f +I.,. nrr 
b A * w  UabAI l IUbb C l l U  a V U A o g W  V A  L A A b  UAI 3 a A U  L I A W  U L . . Y A C L L A W A A  W A  C11G U 1 V  

average from the  t r u e  average as computed above. 

pends on a i n  a complex way, we do not  know a a prwri and, t h e r e f o r e ,  

we are i n t e r e s t e d  i n  t h e  maximum value of  E over t h e  range of  a from 

Although t h e  e r r o r  de- 

M 
0 t o  1/2.  That i s ,  w e  w r i t e  

where f (a ,u ,x)  is a func t ion  depending on t h e  p a r t i c u l a r  d i s t r i b u t i o n  

of DN’s. The term f,$ rep resen t s  t h e  range i n  

unce r t a in ty  o f  t he  DN average. 

x,  near  u n i t y ,  t h a t  t he  t r u e  DN average l ies  between 

t h e  measured value minus 

M 

There is  a p r o b a b i l i t y  

fbl$ and the  measured value 

Shf(a,a) is the  var iance  o f  t he  sum of M p i x e l s .  

1 It  is s t ra ight forward  t o  show t h a t  t;bI(a,a) = ( ( a , u ) .  

The func t ion  fhl can only be determined exac t ly  from t h e  f u l l  

p r o b a b i l i t y  d i s t r i b u t i o n  func t ion  f o r  t he  sum of  M p i x e l s .  If Pb1(P.I,a,u) 

1 
2 is t h e  p r o b a b i l i t y  t h a t  t he  sum of M p i x e l s  l i e s  between M k - then 

(see Lee, S ta t i s t i ca l  Theory of Comnicat ions ,  p.  ) 

. 



Since t h i s  d i s t r i b u t i o n  is imprac t ica l  t o  c a l c u l a t e  f o r  a l l  but t h e  

smallest ensembles of  p i x e l s ,  we must approximate it. 

t i o n s  a r e  apparent :  For cs = 0 t h e  form of  fM i s  unimportant s i n c e  

E(a,O) = 0 and cM = .5. For u > .5, t h e  gaussian no i se  dominates t h e  

system, making f (a ,u ,x)  = e r f  -(x) and a-M(a,u) 2 0. Then we write 

Two l i m i t i n g  condi- 

- 
-1  

M 

- 
sM(u,x) = Max (erf-'(x) lc(a,u)/M + a - M(a,o)) 

ac(O,.5) 

For u > .5 - 

For t h e  range of  u < .5 w e  have graphed E as a func t ion  of  M. M 

These r e s u l t s  have a bear ing on the  s t r a t e g y  employed t o  opt imize t h e  

r ad iomet r i c  da t a .  

range ( i . e . ,  low ga in)  with t h e  need f o r  r e s o l u t i o n  ( i . e . ,  high ga in ) .  

In  t h e  case where maximum reso lu t ion  i s  r e q u i r e d ,  our  r e s u l t s  suggest  t h a t  

one should inc rease  the  gain until u = .5, which occurs  between g a i n s  1 

Any such attempt must r e c o n c i l e  t h e  need f o r  dynamic 

and 2. 

f u r t h e r  i nc rease  of  gain.  

termined by t h e  number of  p i x e l s  t o  be averaged. 

p i x e l s  t o  be averaged is l a r g e  enough t o  reduce 

reasonably be go t t en  from t h e  A/D conver te r  is an inc rease  i n  ga in  p r o f i -  

t a b l e .  

For an i d e a l  A/D conver te r ,  no f u r t h e r  improvement r e s u l t s  from a 

In  p r a c t i c e  then  t h e  optimum gain  would be de- 

Only when t h e  number of 

chI t o  below what can 

/ 

For t h e  ga in  1 t o  gain 0 changeover, t h i s  p o i n t  is somewhere 

between 16 and 100 p i x e l s .  Should it be necessary  t o  determine t h e  

optimum more accu ra t e ly ,  an experiment should be run on t h e  STL l ande r .  

WRP/ j b  
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